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Abstract
Chemical agents that cleave HIV genome can be potentially used for anti-HIV therapy. In this report, the cleavage
of the upper stem-loop region of HIV-1 TAR RNA was studied in a variety of buffers containing organic catalysts.
trans-(±)-Cyclohexane-1,2-diamine was found to cleave the RNA with the highest activity (31%, 37°C, 18 h).
Cleavage of the RNA in trans-(±)-cyclohexane-1,2-diamine buffer was also studied when the RNA was hybridized
with complementary DNAs. A pyrene-modified C3 spacer was incorporated to the DNA strand to facilitate the
formation of a RNA bulge loop in the RNA/DNA duplex. In contrast, unmodified DNAs cannot efficiently generate
RNA bulge loops, regardless of the DNA sequences. The results showed that the pyrene-stablized RNA bulge loops
were efficiently and site-specifically cleaved by trans-(±)-cyclohexane-1,2-diamine.
1. Background
RNA cleaving agents are promising next-generation
therapeutic tools. Ribozyme and RNA interference have
been found to cleave RNA in high efficiencies [1-4].
Artificial ribonuclease is another appealing candidate
due to the flexibility to introduce chemical modifications
[5-8]. These modifications can play crucial roles in
enhancing cleavage activities or increasing the stability
of artificial ribonucleases in vivo. The catalytic group of
an artificial nuclease is often a metal ion or a charged
organic functional group. Compared to metal com-
plexes, organic molecules have better pharmacological
profiles. Therefore, it is of great interest to develop a
highly efficient and sequence-specific non-metalloribo-
nuclease. Many efforts have been exerted to attach a
catalytic moiety to antisense deoxyribonucleotide to
achieve specific sequence targeting [9-17]. The catalytic
moiety often contains cationic nitrogen atoms such as
those of oligoamine, imidazole, and guanidine. The
effectiveness of such a strategy is highly dependent on
several factors. The first factor is the DNA sequence
which determines whether the DNA forms a stable
duplex with the target RNA, especially when the RNA is
highly structured, and whether the duplex formation
affects the RNA phosphodiester group on its susceptibil-
ity to cleavage. The second factor is the inherent activity
of the catalytic group. The third factor is the chemical
linkage that positions the catalytic moieties around the
cleavage site. Systematic investigation of the above three
factors simultaneously is difficult. Fortunately, the first
two factors can be studied independently. Indeed, stu-
dies have been conducted on DNA/RNA duplex clea-
vage in the presence of high concentrations of metal
ions and imidazole [18,19]. Once the ideal DNA
sequence and catalytic functionality are identified, the
chemical linkage can be selected from a library that con-
tains linkers of randomized length and orientation.
Here we report a detailed study of the cleavage of the
hairpin region of HIV-1 trans-activation response ele-
ment (TAR) in various buffers of organic catalysts in the
absence and presence of various complementary DNAs.
Among the examined conditions, a two-base bulge loop
stabilized by a pyrene intercalator is the most cleavage-
prone DNA/RNA duplex structure. trans-(±)-Cyclohex-
ane-1,2-diamine is the most active catalytic moiety.
These results will be important for future design of
sequence-specific artificial ribonuclease for HIV-1 TAR.
2. Results and Discussion
2.1 Cleavage of RNA in the presence of different organic
catalysts
The RNA sequence (RNA 1) used in this study contains a
hairpin and a four-base stem region of HIV TAR, an
important target for the future HIV-1 therapy (Figure 1a)
[20]. The 3’-end of 1 was labeled with 6-carboxyfluorescein
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(FAM). Cleavage of the RNA was studied in 0.5 M buffers
containing different catalysts at pH 8.0. Ethylenediamine,
propane-1,3-diamine, trans-(±)-cyclohexane-1,2-diamine,
glycine, and imidazole were used as the catalysts. Ethylene-
diamine differs from propane-1,3-diamine by the distance
between the two amino groups, and from trans-(±)-cyclo-
hexane-1,2-diamine by the geometric constraints added to
the two amino groups. Under physiological conditions,
only one of the two amino groups is expected to be proto-
nated. The protonated amino group will function as the
activator of phosphodiester bond, while the unprotonated
amino group is expected to serve as the basic catalyst to
activate the 2’-OH. Unlike the diamine catalysts, glycine
contains a carboxylate, which may also function as the
basic catalytic group to cleave RNA. Although not a
bifunctional catalyst, imidazole has been widely used in the
design of artificial ribonucleases and thus was also included
in this study.
RNA 1 was incubated in the above buffers at 37°C for
18 h. The cleavage was analyzed by visualizing the
fluorescent RNA bands after gel electrophoresis (Figure
2). Ethylenediamine and trans-(±)-cyclohexane-1,2-dia-
mine showed the most prominent cleavage effects. The
higher activity observed for trans-(±)-cyclohexane-1,2-
diamine (31%) compared to ethylenediamine (24%) was
perhaps a result of two preorganized amino groups con-
strained by the cyclohexane ring. In contrast, propane-
1,3-diamine only generated 5% of cleavage. A previous
study on the hydrolysis of a short single-stranded RNA
suggested that propane-1,3-diamine was more active
than ethylenediamine [21]. However, for RNA 1, ethyle-
nediamine and trans-(±)-cyclohexane-1,2-diamine, both
containing an ethylene linkage between the two amino
groups, were much more active. The discrepancy
between the two studies may result from the difference
between the highly structured geometry of RNA 1 and
the random coil of the short single-stranded RNA used
in the previous study.
Glycine has been used to cleave RNA when conju-
gated with an RNA intercalator [22]. However, it was
(a)                                                                          
(b) 
Figure 1 Oligonucleotide sequences and structure. (a) Oligonucleotide sequences and major cleavage sites. Arrow indicates the major
cleavage sites when the RNA or RNA/DNA duplex was treated with trans-(±)-cyclohexane-1,2-diamine. The cleavage of 1/3, 1/4, 1/5, and 1/6
were not tested due to incomplete hybridization. (b) Chemical modifications of C3-spacer.
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the least active catalyst shown in this study. No cleaved
band can be observed when the RNA was incubated in
glycine buffer (Figure 2). This result demonstrates the
importance of the basic group of the bifunctional cata-
lyst, although the likelihood of glycine being more diffi-
cult to access the cleavage site than 1,2-diamines due to
the charge differences cannot be completely excluded.
The less basic carboxylate group of glycine may have led
to lower efficiency in activating the 2’-OH for in-line
attack compared to the more basic amino groups of 1,2-
diamines. It is rather difficult to design a moderately
basic but unprotonated group under physiological con-
ditions. The 1,2-diamino compounds are ideal small
molecular candidates to fill the role of providing basic
groups to activate the 2’-OH of RNA nucleotides.
Surprisingly, imidazole, which has been widely used in
the design of artificial ribonucleases, showed very low
cleaving activity (< 1%). Many artificial ribonucleases as
well as the natural RNase A contain a pair of imidazoles
to function cooperatively [10,11]. The activity of such a
bis-imidazole varies and is highly dependent on the
locations and orientations of the two imidazole rings. In
contrast, 1,2-diamino compounds are smaller and struc-
turally less complicated, and more suitable for develop-
ing a small library of RNA-cleaving agents.
The superior RNA cleavage activity of trans-(±)-cyclo-
hexane-1,2-diamine was also observed in our studies of
other RNA sequences (J. Rana, H. Huang, Cleavage of
DNA/RNA duplexes by trans-cyclohexane-1,2-diamine,
unpublished). We tested the low concentration limit in
using this catalyst. Significant cleavage of 1 (5%) can still
be observed in 0.05 M trans-(±)-cyclohexane-1,2-dia-
mine, but not in further lower catalyst concentrations.
2.2 Design and synthesis of oligonucleotides containing
pyrene-modified C3 spacer
After establishing that trans-(±)-cyclohexane-1,2-diamine
is the best small molecular catalyst for the cleavage of 1,
we sought to study the influence of the complementary
DNA on the cleavage. It has been reported that RNA
bulge loop region of an RNA/DNA duplex is susceptible
to hydrolysis [10,15,18,19]. We first tested five DNA
sequences (DNA 2, 3, 4, 5 and 6) for their impact on
RNA cleavage rate. The antisense DNA strands were
mixed with RNA 1 using standard hybridization condi-
tions prior to the treatment of trans-(±)-cyclohexane-1,2-
diamine. However, 1/3, 1/4, 1/5, and 1/6 were only par-
tially hybridized, as indicated by non-denaturing gel elec-
trophoresis. The percentages of unhybridized RNA at
room temperature are 24%, 22%, 57%, and 67% for 1/3,
1/4, 1/5, and 1/6, respectively, when DNA is present in
1.2 fold excess. The perfectly matching antisense DNA 2
formed a stable duplex with 1. Because unhybridized
RNA will cause ambiguity in analyzing cleavage products,
we looked for structurally modified DNA that can bind
RNA more strongly. Although various oligonucleotide
backbone modifications have been invented for more effi-
cient binding to complementary RNA [23,24], these mod-
ifications require substitution of multiple nucleotides. We
intended to restrict the modification to only one nucleo-
tide and keep the rest with native DNA structure. This
chemical modification will also serve as the tagging site
for future conjugation with RNA cleaving agents. We
designed a pyrene-modified C-3 spacer (PyC3) to
approach this goal (Figure 1b). The PyC3 spacer is one
carbon longer than the previously reported pyrene-glycol
spacer (INT™), which stabilizes DNA duplex but desta-
bilizes RNA duplex when introduced as a bulge [25]. We
anticipated that INT can somewhat stabilize DNA/RNA
duplex when introduced opposite an RNA bulge. How-
ever, glycol nucleic acids are known to pair with DNA or
RNA weakly [26], indicating the importance of keeping
three carbon atoms between the phosphate groups.
Accordingly, the INT structure was modified to PyC3 by
slightly increasing the length of the spacer.
The phosphoramidite of PyC3 was synthesized from
(R)-butane-1,2,4-triol (Scheme 1). The 1- and 4- hydro-
xyl groups were protected with p-methoxybenzylidene
(PMB). The remaining free 2- hydroxyl group was
reacted with 1-bromomethylpyrene to form 9. The
phosphoramidite was synthesized using a standard pro-
cedure and incorporated to DNA 7 and 8. DNA 7 and
8 contain extra nucleotides in the 5’ end in order to dis-
tinguish the possible fluorescent DNA band from the
RNA bands on the gel. Hybridization between DNA 7/8
Figure 2 Cleavage of RNA 1 in buffers containing 20 mM NaCl,
1 mM Tris-EDTA (pH 8.0), and different organic catalysts (0.5
M, pH 8.0). Lane 1, no catalyst. Lane 2, trans-(±)-cyclohexane-1,2-
diamine. Lane 3, glycine, Lane 4, propane-1,3-diamine. Lane 5,
ethylenediamine. Lane 6, imidazole. Overall cleavage: Lane 1, 0%.
Lane 2, 31%. Lane 3, 0%. Lane 4, 5%. Lane 5, 24%. Lane 6, < 1%.
Patel et al. Chemistry Central Journal 2012, 6:3
http://journal.chemistrycentral.com/content/6/1/3
Page 3 of 7
and RNA was examined by non-denaturing gel electro-
phoresis. DNA 7 was completely hybridized with RNA
1. The hybridization between 1 and 8 was also nearly
complete, with only 2% of RNA remained unhybridized.
Melting studies on RNA 1 and duplexes 1/2, 1/7, and
1/8 (the 3’-Fam is not attached to the RNA) indicates
that the melting temperature of the looped RNA is sig-
nificantly higher than those of the duplexes (Table 1).
The perfectly matching duplex (1/2) is the most ther-
modynamically stable duplex. The duplex containing a
single unpaired RNA nucleotide (1/7) is less stable than
1/2, but more stable than the duplex containing double
unpaired RNA nucleotides (1/8). The ΔG298 values of 1/
7 and 1/8 suggest that both duplexes are stable at room
temperature, consistent with the non-denaturing gel
electrophoresis results.
2.3 Cleavage of RNA/DNA duplexes
Duplexes 1/2, 1/7, and 1/8 were incubated in trans-
(±)-cyclohexane-1,2-diamine at 37°C for 18 h (Figure 3
and Table 2). Gel electrophoresis of the reaction mix-
tures showed that the pyrene-containing DNA strands
were not visible under the conditions of visualization.
The percent cleavage of the 1/2 duplex was significantly
lower than 1 alone. This result confirmed that RNA
nucleotides in duplex regions are more chemically stable
than unpaired RNA nucleotides. Duplex 1/7 showed
lower cleavage rate than 1, but higher rate than duplex
1/2. The preferred cleavage sites of the RNA were sig-
nificantly affected by the presence of DNA 7. The phos-
phodiester bond between G10 and G11 became sensitive
to hydrolysis, which was not observed for 1 alone.
Duplex 1/8 showed overall cleavage rate comparable to
1. The higher cleavage rate of 1/8 in the region between
U9 and G11 compared to 1 indicated that duplex 1/8
was still stably formed at elevated temperature (37°C),
despite the fact that about 2% RNA was not completely
hybridized at room temperature. The higher rate of 1/8
compared to 1/7 suggests that a bulge formed by a sin-
gle unpaired RNA base is not as prone to hydrolysis as
that formed by multiples unpaired RNA bases. For this
particular RNA, the maximum number of unpaired
RNA bases in a DNA/RNA duplex is two. Formation of
more than two unpaired RNA base will greatly reduce
the thermodynamic stability of the duplex. In other
words, shorter complementary DNAs will not be able to
unwrap the duplex stem of the hairpin RNA. Overall,
the two-base bulge loop structure is the best form to
maintain high cleavage activity without affecting the
duplex stability and site selectivity. We also tested the
cleavage of duplex 1/8 in buffers containing various
organic catalysts. trans-(±)-Cyclohexane-1,2-diamine
remained the most active catalysts, consist with the stu-
dies of the hairpin RNA.
Use of intercalators to enforce RNA bulge formation
has been documented before. Kuzuya et al used DNA
containing acridine to generate a single unpaired RNA
nucleotide and studied its cleavage in the presence of
zinc ions [27]. Our results suggest that when hybridiza-
tion is efficient, more than one unpaired RNA base will
be more useful in cleaving RNA nucleotides.
3. Conclusion
We have identified trans-(±)-cyclohexane-1,2-diamine as
the most active organic catalyst in cleaving the upper
stem-loop region of HIV-1 TAR among a group of organic
molecules. The simple cyclohexane ring may geometrically
constrain the two amino groups in a preorganized state
for catalysis. We also designed a pyrene-modified C3
spacer to enhance the binding of a complementary DNA
to the highly structured RNA. The RNA/DNA duplex
showed the highest cleavage rate when two unpaired RNA
nucleotides were formed. Although the overall cleavage
rate for this RNA/DNA duplex was comparable to the
native hairpin RNA, the cleavage sites were altered. This
study demonstrated the feasibility of using trans-(±)-cyclo-
hexane-1,2-diamine and PyC3 antisense DNA as the basic
structural moieties to design artificial ribonucleases to
site-specifically target HIV TAR.
Scheme 1 Synthesis of the phosphoramidite of the PyC3
spacer. Regents and conditions: (a) p-anisaldehyde, TsOH, CH2Cl2,
12 h, 83%. (b) NaH, 1-bromomethylpyrene, THF/toluene, 48 h, 77%.
(c) TsOH, MeOH/CH2Cl2, 30 h, 30%. (d) Dimethoxytrityl chloride,
triethylamine, DMAP, CH2Cl2, 12 h, 65%. (e) N, N’-diisopropyl 2-
cyanoethyl phosphoramidic chloride, N, N’-diisopropylethylamine,
CH2Cl2, 2 h, 100%.
Table 1 Thermodynamic parameters of RNA/DNA
duplexes 1/2, 1/7, and 1/8.a, b
Duplex ΔH (kcal/mol) ΔS (cal/mol·K) Tm (°C)
c ΔG298 (kcal/mol)
1/2 -214.7 -607 68.8 ± 0.3 -33.8
1/7 -126.0 -365 55.7 ± 0.4 -17.2
1/8 -83.5 -238 48.5 ± 0.3 -12.6
a. RNA is not labeled with FAM.
b. Buffer: 10 mM PIPES (pH 7.5), 100 mM NaCl, 1 mM Tris·EDTA.
c. Duplex concentration: 2 μM.
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4. Experimental
4.1 General
All reagents were purchased from Sigma-Aldrich or
Fisher Scientific unless specified. NMR were recorded at
Bruke 300 MHz facility. Mass spectra were obtained at
the mass spectrometry facility of Rutgers University
(Newark). RNA and structurally unmodified DNA were
purchased from Integrated DNA Technology. Pyrene-
containing oligonucleotides were synthesized on ABI
394 DNA synthesizer. Water used for electrophoresis
was purified using Millipore DirectQ system with a Bio-
Pak Filter. Water used for other purpose was purchased
from Fisher as RNAase free water. PAGE gel was pre-
pared from 19:1 acrylamide/bisacrylamide.
4.2 RNA cleavage assay
The RNA/DNA (1/2, 1/7, 1/8) duplexes were hybridized
in 100 mM NaCl and 1 mM tris-EDTA (pH 7.5). The
RNA concentration was 50 μM. The DNA concentra-
tion was 60 μM. The hybridization was examined by
20% nondenaturaing PAGE electrophoresis. The gel was
visualized using AlphaImager® EP.
A solution of 10 μM single stranded RNA (1) or
DNA/RNA duplex (1/3, 1/7, 1/8) was incubated in 0.5
M cleaving agents at 37°C for 18 h. The buffer con-
tained 20 mM NaCl and 1 mM Tris-EDTA (pH 8.0)
and one of the following reagents: ethylenediamine, pro-
pane-1,3-diamine, trans-(±)-cyclohexane-1,2-diamine,
glycine, and imidazole. Formamide loading buffer was
added. The products were resolved on a 0.4 mm 20%
denaturing PAGE gel. The gel was visualized using
Lane     1           2             3            4             5     
Figure 3 Cleavage of DNA/RNA duplexes in trans-(±)-cyclohexane-1,2-diamine (0.5 M), 20 mM NaCl, and 1 mM Tris-EDTA (37°C, pH
8.0, 18 h). Lane 1, RNA 1 in the absence of the catalyst. Lane 2, RNA 1 in the presence of the catalyst. Lane 3, duplex 1/2, Lane 4, duplex 1/7,
Lane 5, duplex 1/8.












70.3 ± 5.1 88.6 ± 2.3 75.6 ± 6.5 68.9 ± 1.7
n-1 4.0 ± 0.5 < 1 6.9 ± 1.0 4.4 ± 2.1
n-2 3.8 ± 0.4 < 1 < 1 < 1
n-3 4.5 ± 0.5 < 1 < 1 < 1
n-8 < 1 < 1 < 1 3.6 ± 0.8
n-9 < 1 < 1 < 1 4.7 ± 0.2
n-10 < 1 < 1 3.4 ± 1.2 4.0 ± 0.1
n-11 3.6 ± 0.3 < 1 < 1 < 1
n-12 3.1 ± 1.0 < 1 < 1 < 1
n-13 2.9 ± 1.1 4.2 ± 0.9 2.6 ± 0.3 4.6 ± 2.3
n-14 3.6 ± 1.3 3.6 ± 0.9 3.3 ± 1.1 4.8 ± 1.1
a. Buffer: 0.5 M trans-(±)-cyclohexane-1,2-diamine, 20 mM NaCl, and 1 mM
Tris-EDTA (37°C, pH 8.0, 18 h).
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AlphaImager® EP at excitation wavelength 360 nm. The
intensities of the bands were quantified using Alphaview
3.0.
4.3. Compound 9
The PMB acetal of (R)-1,2,4-butanetriol was synthesized
from (R)-1,2,4-butanetriol and p-anisaldehyde using an
established procedure [28]. To a solution of the PMB
acetal of (R)-1,2,4-butanetriol (157 mg, 0.7 mmol) in 3
mL of THF, 28 mg of NaH (60%, 0.7 mmol) was added.
The suspension was stirred at room temperature for 15
min. A solution of 1-bromomethylpyrene (200 mg, 0.97
mmol, prepared from 1-pyrenemethanol and phos-
phorus tribromide) in toluene (2 mL) was added. The
reaction mixture was stirred at room temperature over-
night before quenched with saturated sodium bicarbo-
nate solution. A mixture of ethyl acetate and hexanes
(1:1, 200 mL) was added for extraction. The organic
layer was washed with saturated sodium chloride solu-
tion and dried over magnesium sulfate. The crude mate-
rial was purified by column chromatography (hexanes/
ethyl acetate 3:1) to yield 9 (216 mg, 77%). 1H NMR
(CDCl3) δ 7.95 - 8.41 (m, 10H), 7.37 (d, 2H, J = 10 Hz),
6.83 (d, 2H, J = 10 Hz), 5.48 (s, 1H), 5.27 (d, 1H, J = 6
Hz), 4.34 (dd, 1H, J = 6 Hz, J = 3 Hz), 4.12 (m, 1H),
3.93 (m, 1H), 3.78 (s, 3H), 3.72 (dd, 1H, dd, 1H, J = 6
Hz, J = 3 Hz), 3.66 (dd, 1H, J = 6 Hz, J = 3 Hz), 1.89
(m, 1H), 1.54 (m, 1H). 13C NMR (CDCl3) δ 159.6, 131.1,
131.0, 130.9, 130.6, 129.3, 127.5, 127.2(5), 127.2(2), 127.1
(9), 127.0, 125.7, 124.9(9), 124.9(8), 124.7, 124.5, 124.2,
123.4, 113.3, 100.9, 76.2, 72.8, 72.0, 66.5, 55.1, 27.8. ESI-
MS (M-H) m/z Calcl for C29H25O4, 437.18 found
437.19.
4.4 Compound 10
A solution of 9 (210 mg, 0.5 mmol), p-toluenesulfonic
acid monohydrate (10 mg) in a mixture of methanol and
methylene chloride (1:1, 30 ml) was stirred at room for
30 h. The solvent was evaporated and the residue was
purified by column chromatography (5% methanol in
methylene chloride) to yield 10 (50 mg, 30%). 1H NMR
(CD3OD) δ 8.27 (1H, d, J = 10 Hz), 7.81-8.02 (m, 8 H),
5.07 (s, 2H), 3.92 (m, 1H), 3.66 (m, 2H), 3.52 (m, 2H),
1.64 (m, 2H). 13C NMR (CD3OD) δ 131.0, 130.9, 130.4,
128.9, 126.9, 126.7, 126.5, 125.4, 124.6, 124.2, 124.1,
123.8, 122.8, 74.2, 71.0, 67.3, 58.2, 35.7. ESI-MS (M+Na)
m/z Calcl for C21H20O3Na, 343.13, found 343.13.
4.5 Dimethoxytritylation of 10
A solution of 10 (50 mg, 0.16 mmol), dimethoxytrityl
chloride (70 mg, 0.21 mmol), 4-dimethylaminopyridine
(2 mg), triethylamine (46 μL, 0.32 mmol) in methylene
chloride (2 mL) was stirred at room temperature over-
night. The reaction was quenched with 100 μL of
methanol. The solvent was evaporated. The crude mate-
rial was purified by column chromatography (hexanes/
ethyl acetate 2:1) to yield tritylated 10 (65 mg, 65%). 1H
NMR (CDCl3) δ 8.39 (d, 1H, J = 10 Hz), 8.03-8.28 (m,
8H), 7.42 (d, 2H, J = 8 Hz), 7.24 (m, 7H), 6.73 (d, 4H, J
= 8 Hz), 5.37 (s, 2H), 4.08 (m, 1H), 3.75 (s, 6H), 3.59
(m, 1H), 3.50 (m, 1H), 3.19-3.23 (m, 2H), 1.77 (m, 2H).
13C NMR (CDCl3) δ 158.1, 144.7, 135.9, 135.8, 131.1,
131.0, 130.9, 130.6, 129.7, 129.2, 127.8, 127.6, 127.2(3),
127.1(8), 126.9, 126.5, 125.7, 125.0(4), 125.0(3), 124.7,
124.5, 124.2, 123.1, 112.8, 86.1, 74.0, 71.7, 69.2, 60.8,
54.9, 33.1, 14.0. ESI-MS (M+Na) m/z Calcl for
C42H38O5Na, 645.26, found 645.25.
4.6 Compound 11
To a solution of tritylated 10 (55 mg, 0.088 mmol), N,
N’-diisopropylethyldiamine (72 μL, 0.41 mmol) in
methylene chloride (2 mL), N, N’-diisopropyl 2-cya-
noethyl phosphoramidic chloride (55 μL, 0.24 mmol)
was added at 0°C. The solution was stirred at room tem-
perature for 2 h. The reaction was diluted with ethyl
acetate (100 mL) and washed with saturated sodium
bicarbonate and brine. The organic layer was dried over
magnesium sulfate. The crude material was purified by
column chromatography (hexanes/ethyl acetate 5:1) to
yield 11 (80 mg, 100%). 1H NMR (CDCl3) δ 8.37 (d,
1H), 8.21(d, 2H), 7.95-8.13 (m, 6H), 4.48 (m, 2H), 7.22
(m, 7H), 6.88 (m, 4H), 5.24 (m, 2H), 4.20 (m, 1H) 3.73
(s, 6H), 3.42-3.85 (m, 6H), 3.12 (m, 2H), 2.30-2.85 (m,
2H), 1.98 (m, 2H), 0.82-1.39 (m, 12H). 13P NMR
(CDCl3) δ 149.6, 149.2. ESI-MS (M+Li) m/z Calcl for
C51H55N2O6PLi, 829.40, found 829.40.
4.7 DNA synthesis and purification
Oligonucleotides were synthesized on an ABI 394 DNA
synthesizer. Phosphoramidites of Bz-A, dmf-G, Ac-C,
and T were purchased from Glen Research. The cou-
pling time of pyrene-modified C3 spacer was extended
to 15 min. Oligonucleotides were deprotected in con-
centrated ammonia at 55°C for 12 h. The crude oligonu-
cleotides were purified by 20% denaturing PAGE. The
gel band that contains the desired oligonucleotide was
cut, crushed, and soaked in a solution of 100 mM NaCl
and 1 mM EDTA overnight. The extract was centri-
fuged and the supernatant was desalted using a C-18
Sep-Pak cartridge (Waters). The concentrations of DNA
were quantified using UV absorbance at 260 nm on a
Shimadzu UV-1700 spectrometer. ESI-MS spectra of the
fluorescent base-modified oligonucleotides were
obtained in Rutgers University (Newark) mass facility.
DNA 7 (M+K, monoisotope, positive ion mode), m/z
calculated, 6843.1605, found, 6843.1959. DNA 8 (M+H,
monoisotope, positive ion mode), m/z calculated,
6805.2046, found, 6805.2645.
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4.8 Tm measurement
UV melting curves were recorded on a Shimadzu UV-
1700 spectrometer equipped with TMSPC-8 UV melting
system. A solution of the DNA/RNA duplex (0.5-3 μM)
containing 100 mM NaCl and 10 mM PIPES (pH 7.5) in
a total volume of 100 μL was heated from 20 to 85°C at
0.5°C/min. UV absorbance at 260 nm was taken every 1°
C. The melting temperatures were calculated from the
first derivative of the curve using the LabSolution soft-
ware. Experiments were performed in triplicate. ΔH and
ΔS were derived from Van’t Hoff plots using the equa-
tion 1/Tm = (R/ΔH)ln[C]total + (ΔS-Rln4)/ΔH. [C]total is
the total concentration of the RNA and the DNA
strands.
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